The quartz crystal microbalance (QCM) is increasingly used for monitoring the interfacial interaction between surfaces and macromolecules such as biomaterials, polymers, and metals. Recent QCM applications deal with several types of liquids with various viscous macromolecule compounds, which behave differently from Newtonian liquids. To properly monitor such interactions, it is crucial to understand the influence of the non-Newtonian fluid on the QCM measurement response. As a quantitative indicator of non-Newtonian behavior, we used the quartz resonator signature, 2 , of the QCM measurement response, which has a consistent value for Newtonian fluids. We then modified De Kee's non-Newtonian three-parameter model to apply it to our prediction of 2 values for non-Newtonian liquids. As a model, we chose polyethylene glycol (PEG400) with the titration of its volume concentration in deionized water. As the volume concentration of PEG400 increased, the 2 value decreased, confirming that the modified De Kee's three-parameter model can predict the change in 2 value. Collectively, the findings presented herein enable the application of the quartz resonator signature, 2 , to verify QCM measurement analysis in relation to a wide range of experimental subjects that may exhibit non-Newtonian behavior, including polymers and biomaterials.
Introduction
The quartz crystal microbalance (QCM) has been widely employed as a label-free acoustic sensor to monitor mass changes due to adsorption on a surface [1] [2] [3] [4] . QCM applications have been extended to measure viscoelastic macromolecular interactions with the surfaces of fluids including natural and synthetic macromolecules such as DNA [5, 6] , proteins [7, 8] , microorganisms [9] , endothelial cells [10] , polymers [11] [12] [13] , and polyelectrolyte multilayers [14] . Through these studies, QCM measurements have shown that viscoelastic fluids containing macromolecules exhibit different behavior from that of Newtonian fluids.
An early description of the viscoelastically coupled QCM resonator gave an example of measured changes in the frequency and resistance of the liquid-loaded QCM [2, 15] . The Sandia group provided a complete description of the QCM's theoretical and experimental responses [16, 17] , with results for water-glycerol mixtures [16] and water and waterglycerol mixtures [17] . The Kasemo group presented the effects resulting from the electrical conductivity of the liquid [18] . They demonstrated block diagrams of the instrument for studying both the parallel and the series resonance. Increasingly complex mechanical properties of both glassy and rubbery materials have also been studied using impedance analysis [19] .
In addition, other groups have reported numerous QCM studies that aim to understand the viscoelastic behavior of macromolecules as a thin film physically adsorbed or chemically conjugated on the QCM substrate [5-8, 11-13, 19-29] , or as a viscous liquid remaining on the substrate [30] [31] [32] [33] [34] . Recent studies have shown the potential to decouple the mass adsorption-forming thin layer from the fluid viscosity and density [23, 35] .
To verify the QCM measurement response for increasingly diverse applications, there has been interest in the development of methods for initial checks of the instrument. Recently, we developed simple calculations involving the changes in the resonator properties when loaded by a liquid, which yield fixed values when the resonator is loaded with a Newtonian liquid. We refer to these simple calculations as signatures, 1 and 2 . For a given resonator, these signatures were found to have fixed values, independent of the fluid density and viscosity [36] . 1 was calculated from the changes in resonant frequency and resistance at the resonance of the quartz microbalance as follows:
where the magnitudes of Δ and Δ are the changes in the resonant frequency and resistance, respectively, when loaded with the fluid. 1 can be expressed simply in terms of some fixed properties of the quartz resonator, such as the shear modulus, the electrical capacitance, and the fixed geometrical values of the thickness and electrode area [36] . As an example, the value for one type of simple 5 MHz resonator yielded a value of 1 = 2.03 under a Newtonian liquid load. This required measurement methods to obtain the values of the resonant frequency and resistance of the resonator, such as impedance analysis [37, 38] or amplitude sensitive oscillators.
2 was a signature calculated from the changes in the resonant frequency and energy dissipation (or change in ) of the resonator when loaded with a Newtonian fluid:
where the magnitudes of Δ and Δ are the changes in the resonant frequency and energy dissipation, respectively, and is the harmonic number. In the case of 2 , the value for such a loading turns out to be simply one-half of the unloaded fundamental resonator frequency. For the quartz resonator, can take on odd values. The use of measurement devices such as the commercial Q-Sense device made these determinations very convenient and it was possible to identify the change at several harmonic frequencies. Hence, due to the convenience of measuring 2 , we concentrate on studies related to 2 in this study. Using the same simple 5 MHz type resonators used for the 1 tests, the value of 2 was then 2.5 MHz [36] .
1 and 2 , calculated from the measured values, served as effective indicators of the proper instrument behavior when the resonator was loaded with a Newtonian fluid. The values of 1 and 2 were found to be very close to the measured values when using a Newtonian fluid such as ethanol or water. However, when a liquid-polymer mixture fluid was used, deviations from those values appeared. The deviations from the constant value became larger as the mass fraction of the polymer mixture increased. These deviations might arise from the non-Newtonian character of the mixtures at large volume concentrations of polymer.
To evaluate and analyze the value of 2 in QCM measurements involving macromolecules, we used polyethylene glycol (PEG) as a model system because the molecular weight can be varied and it has high solubility [37] [38] [39] . For PEG monomers in the molecular weight range between 200 and 20000 Da, PEG monomers with an average molecular weight of 400 Da (PEG400) were selected for our experiments because it shows both Newtonian behavior at lower concentrations and non-Newtonian behavior at higher concentrations [13, 24, 28] . Once the experimental 2 values were collected, we investigated whether the 2 values from the theoretical viscoelastic non-Newtonian model, modified from De Kee's three-parameter model [40] , could be fit to the experimental values of 2 to verify whether the application of 2 can be extended to the initial system check-up indicator for non-Newtonian fluids.
Materials and Methods

Materials.
Polyethylene glycol (PEG) was purchased from Sigma-Aldrich Co. LLC. (product number 202398). As the average molecular weight ( ) of the PEG is 400 Da, it is referred to as PEG400 in this study. The density of PEG400 is 1.128 g/mL and its melting point is 4-8 ∘ C. PEG400 was diluted with 10 mM Tris buffer with 100 mM NaCl, pH 7.4, in MilliQ-deionized water with high resistivity (MilliPore, Oregon, USA). The PEG400 was diluted according to the volume concentration (%) from 1% to 100%. To homogenize PEG400 with buffer, the mixture was vortexed for several minutes. Immediately before experiment, the solution was vortexed again to ensure the PEG400 solution was fully homogenized. All bubbles were excluded before solution injection for measurements.
QCM Substrate.
Silicon oxide-coated quartz crystal substrates (QSX303) for QCM measurements were obtained from Q-Sense (Göthenburg, Sweden). The cleaning procedure for the silicon oxide substrates was as follows. First, the silicon oxide substrates were cleaned with 1% SDS and rinsed with ethanol. Second, they were rinsed with deionized water and then with ethanol. Next, they were dried with nitrogen air. Finally, the substrates were exposed to oxygen plasma treatment at maximum power (Harrick Plasma, Ithaca, NY, USA) for 1 minute immediately before experiment.
Quartz Crystal Microbalance (QCM).
The Q-Sense E4 instrument from Q-Sense (Göthenburg, Sweden) was used for measurements. This instrument measures the change in the resonance frequency, Δ , and the energy dissipation, Δ , when the volume concentration (%) of PEG400 in 10 mM Tris buffer with 100 mM NaCl, pH 7.4, in MilliQ water increased from 1% to 70%. From 1% to 10%, the volume concentration (%) of PEG400 increased by 1% every 15 minutes. From 10% to 70%, it increased by 10% in every 20∼25 minutes [41] . At the fundamental frequency, 5 MHz, an AT-cut piezoelectric crystal was excited at the 3rd, 5th, 7th, 9th, and 11th overtones (15, 25, 35, 45 , and 55 MHz in order) and Δ and Δ were measured. After the initial measurement in air, 10 mM Tris buffer with 100 mM NaCL and pH 7.4 was injected for the initial stabilization of the QCM signals. As the volume concentration (%) of PEG400 increased the and in the higher overtones became unstable. Therefore, only the stable data are shown in the QCM results. However, and at the 3rd, 5th, and 7th overtones were stable until the end of the experiment with 70% PEG400.
Rheometry.
A Physica MCR 501 stress-controlled rheometer (Anton Paar GmbH, Graz, Austria) was used at a fixed temperature of 24 ∘ C in order to measure the viscosity of PEG400 solutions in the volume concentration range of 1% to 100% as a unit of cP. At the same volume concentration (%) of PEG400 solutions, the viscosities were measured at the shear rate, 1 S −1 . The viscosities were measured at least three times for each volume concentration of PEG400.
Results and Discussion
Modification of Viscoelastic Non-Newtonian Model.
A useful description for a Maxwellian fluid was provided in [42] . Here, we modify the corresponding analytical description by taking into account the De Kee expression. A Maxwellian fluid exhibits Newtonian behavior at very low frequencies but exhibits energy storage, or elastic, behavior at high frequencies and can therefore be represented as follows:
is a complex quantity that represents the complex viscosity of the Maxwellian fluid, and is the relaxation time for the liquid-elastic mixture. At frequencies where is negligibly small, the complex viscosity reduces to the constant value of DC , which is the DC value of the fluid viscosity. In this low frequency regime, the behavior reduces to that for a Newtonian liquid. The quantity is a parameter that allows for a distribution of relaxation times. When = 1, the expression for̃reduces to that of a simple Maxwellian liquid with a single relaxation time. This analytical description of a Maxwellian fluid suggested that we could analyze the behavior of a Maxwellian fluid in the quartz resonator. Based on the De Kee expression, (3) includes the parameter , which is more complex than the expression for a Maxwellian liquid, given, for example, by equation (14) in [40] . We now consider the effects of these parameters on the rheological properties of the liquid:
Here, is the complex shear modulus, is the angular frequency, is the low frequency constant viscosity, and is the relaxation time. Comparing it to (3), it can be seen that (4) is represented in terms of the shear modulus rather than the viscosity but otherwise shows the same dependence on the low frequency viscosity and the relaxation time. There is also the absence of a term, which indicates that a simple Maxwellian fluid is characterized by a single relaxation time . This is shown here only to demonstrate that the De Kee expression reduces to that for the simple Maxwellian liquid when = 1. It is not our intention to show that when fluid mixtures are used, the deviations from 2 result from the fact that the fluid is Maxwellian. It is very unlikely that a given non-Newtonian fluid is purely Maxwellian. Nor do we intend to provide a detailed description of the non-Newtonian nature of the fluid mixture. The purpose of this study is to demonstrate that the experimental variations in 2 exhibit the types of behavior that would be consistent with the fluid exhibiting both liquid and elastic properties, similar to that which a simple Maxwellian fluid might exhibit, and that 2 can more broadly serve as an effective measure of the proper operation of the experimental instrument.
Block Diagram of Calculations.
Rather than attempting to find an analytical solution for the 2 signature with the use of a Maxwellian liquid, we decided to use a computational approach. For all viscoelastic materials, there exists a decay length for the shear wave. A fundamental assumption in the computational approach is that the thickness of the liquid applied to the QCM is much greater than this frequencydependent decay length of the shear wave in the liquid. We assume that the decay length in the fluid is small enough that the approximation of infinite thickness can be taken for the liquid. A diagram of the basis of the theoretical calculations is shown in Figure 1 .
The various parameters describing the quartz and the liquid are first input into the program. The first subroutine is for calculating the electrical admittance of the QCM resonator at any arbitrary frequency. A modified Butterworth van Dyke equivalent circuit is used to model the crystal [43] . A simplified representation of this circuit is shown in Figure 2 the resonator, even when unloaded. The energy dissipation of the unloaded resonator can be expressed in terms of through the relation, = /( ). The first calculation is to determine the values of the resonant frequency, the resistance, and the dissipation for the unloaded resonator. This step is necessary because the calculations involve the changes in the measured values of the resonant frequency and dissipation, with the changes defined as the difference between the measured values when under load and unloaded, respectively. The unloaded values are obtained by setting the appropriate value of the quartz thickness and the effective electrical contact area in the values for the quartz parameters and to set as a value of zero density for the liquid film parameters. The admittance is calculated, and the resonant frequencies and resistance at the various harmonics are calculated in the "Freq Resis" block. The equivalent circuit parameters are then calculated to yield the values of the resonant frequency, resistance, and dissipation of the zero matrix, Matz. Zero matrix is shown in dash-dot outline in Figure 1 to indicate that it is the initial calculation. As stated earlier, the value of 2 for loading under a Newtonian fluid was found to be half of the unloaded resonant frequency. As the values of the physical parameters of the quartz resonator are fixed, only the thickness can be varied to change the resonant frequency of the QCM. The thickness of the quartz resonator was chosen so that at the low frequency limit of 2 (the Newtonian limit), the value of 2 was in basic agreement with the measured value.
To calculate the resonant frequencies, resistance, and dissipation when the QCM is loaded with a fluid, the parameters of the fluid are entered in the block "Fluid Params. " These parameters include the density and complex viscosity of the fluid mixture. Once the relevant resonant frequencies and resistance and/or dissipation are obtained, the calculations for the signature can proceed. Instead of characterizing the relaxation time by the variable , a characteristic transition angular frequency is defined by = 1. By changing the frequency from the angular frequency to the true frequency, , (3) can be written as
The variable in (5) is a transitional frequency characterizing the non-Newtonian nature of the fluid. It is convenient to use this variable as a parameter because it relates directly to the test frequency, .
QCM Measurements.
The QCM measurements were first recorded in air and then in Tris buffer solution only, as shown in Figures 3(a) and 3(b) . The QCM measurements continuously monitored the changes in frequency and energy dissipation. Figure 3 shows the rapidly increasing changes in frequency and energy dissipation when higher volume concentrations (%) of PEG400 were injected. After rapidly increasing, both the frequency and dissipation signals stabilize and become constant. The volume concentration of PEG400 increased by 1% every 15 minutes from 0% up to 10%. From 10% to 70%, the concentration increased by 10% every 20-25 minutes. Once the concentration of PEG400 reached 10%, more time was allowed to stabilize the changes in frequency and dissipation. The change in frequency negatively increased but that of energy dissipation positively increased. The trends were similar but in the opposite direction. Based on the shifts in frequency and energy dissipation corresponding volume concentration of PEG400 in the solution, the 2 value at each overtone number was determined in accordance with (2) . It was clearly observed that the values of 2 changed according to the changes in the volume concentration and resonant frequency as follows. The first observation is that the value of 2 decreased at the same resonant frequency as the volume concentration of PEG400 increased, as shown in Table 1 . The second observation is that as the volume concentration of PEG400 increased, the value of 2 decreased as the resonant frequency (or the order of overtones) increased, at the same volume concentration of PEG400, as shown in Table 1 . The trend of the first observation for 2 is similar to that reported by Wang et al. [28] using solutions of PEG with the same molecular weight, but they did not specify which resonant frequency or overtone their observation applied to, and only one value per concentration of PEG400 was shown. Therefore, our second observation is a unique result. The values of 2 at overtone = 3 (15 MHz) for 50%∼70% PEG400 are offset from the main trend in the values of 2 at the same concentration, for the full range of concentrations. The same trends are also observed at other overtones.
Application of the Modified Non-Newtonian Model.
We next compared the experimentally obtained 2 values with theoretically calculated 2 values that were computed based on the block diagram in Figure 1 (see [43] for specifics of the algorithm). De Kee's model has three parameters, , , and DC , and was taken into account in the calculations. Specifically, the simplest De Kee's model was used where = 1 (the Maxwellian fluid model). It describes a fluid with a single transition frequency, as described above in the theoretical results. The fluid data used for the modeling is shown in Table 2 . The first and second columns present the volume concentration and density of PEG400-water mixtures, respectively. The density values (in kg⋅m −3 ) were interpolated from data taken from general references. The third column is the viscosity of the fluid mixture in Pa⋅s measured by rheometry. The final column presents the only variable, , that was chosen freely as an input in order to obtain a good fit with the experimental data.
In this last column, the 0% value had a very high value of in order to emulate a Newtonian fluid over the range of frequencies. The values for 5% and 10% were also very high and resulted in the fluids still having a frequency Figure 4 . While the change in the density is only small to moderate, the DC viscosity is seen to change strongly with the fluid volume concentration. In any case, these variations were taken into account in the theoretical modeling for 2 . The experimental results are compared to the theoretical calculations for 2 in Figure 5 .
The experimental values for 2 are not constant but change with the resonant frequency as described above for mixed fluids. The theoretical plots show the variation of 2 with resonant frequency for a fluid that has the characteristics described by the simple De Kee relation. While the symbols do not lie directly on the theoretical curves, it is clear that if a simple model with a single transition frequency is used for each fluid mixture, the major behavior of the experimental points is reproduced, including the decrease in the values of 2 with increasing frequency and the values at the lowest resonant frequency studied (the third harmonic). These decreases take place both as a function of the resonant frequency and as a function of the increasing volume concentration of PEG400. We believe that such behavior indicates the correctness of the assumption not only that the non-Newtonian nature of the fluid is the origin of the variation in 2 , but also that the instrument used for the QCM measurements was operating properly. At the higher concentrations of PEG400, the fluid had a decreasing transition frequency, as presented in Figure 6 . Modeled as a Maxwellian (single transition frequency) fluid, the mixture becomes more viscous as the concentration of PEG400 increases as anticipated.
Conclusions
The calculations obtained from a model that included the mixture of a complex Maxwellian fluid with the solvent agreed reasonably well with several types of behavior of the observed variations in 2 . Specifically, the low frequency and mass density mixture showed a limiting value toward the constant, representing a Newtonian fluid at the lowest frequencies. With increasing frequency, the decrease in the value of 2 was reasonably represented by the calculations, although it should be emphasized that it is the general behavior that is reproduced, not the detailed behavior. The calculated values of 2 decreased both with increases in the resonant frequency and with increases in the content of the Maxwellian fluid or viscosity. The amount of the experimental changes was in reasonable agreement with the calculated values. We believe that this study provides fairly strong evidence that one major source of the deviations of 2 from the constant value expected for Newtonian fluids is the addition of an elastic component to the fluid viscoelasticity. In addition, if PEG400 is used as a measurement standard, the measured values of 2 can be used as a check on the proper operation of the instrument over the frequency range used.
